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Recently it has been argued that the temperature is a meaningful quantity to character-
ize the reaction zone in heavy ion collisions, in particular that it is possible to extract from
experimental observables a caloric curve. Using a statistical decay program whose parameters
are adjusted to reproduce the central reactions Xe(50 A.MeV) + Sn, recently measured by the
INDRA collaboration, we show that this is not the case. If one subdivides the system into two
subsystems one observes strong correlations as well as large fluctuations between them. Hence
the condition for a canonical description of the system that the temperature and the chemical
potential are identical in the subsystems is not fullled. We verify this result with a simple
calculation.
I. INTRODUCTION
Since almost a decade the study of multifragmentation characterized by the multiple production of inter-
mediate mass fragments (3  Z  20) is one of the central issues in intermediate energy heavy ion collision
studies. For beam energies in between 50 A.MeV and 400 A.MeV multifragmentation has been identied as the
dominant reaction channel and up to 15 intermediate mass fragments (IMF’s) have been observed in a single
event.
The mechanism of multifragmentation, however, remained rather debated because the available experimental
data did not allow to distinguish between the dierent processes proposed. This is a consequence of the
observation that models, based on rather dierent assumptions, predict very similar results for several key
observables. If the nucleus disintegrates in an instantaneous process similar to the shattering of glass one expects
for the average fragment kinetic energy a constant value of 3=5EF [1], where EF is the Fermi energy, independent
of the fragment size. The same independence one expects if the systems maintains thermal equilibrium while it
expands. This requires that the expansion is very slow. Here the average kinetic energy is 3/2 T, where T is the
temperature at freeze out. In both cases the dierential cross section for fragments is predicted as dd3p / e
−p2.
Shattering [2] gives a mass yield of the form (A) = A− . The same is true if fragments are produced while the
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system passes a liquid gas phase transition. This transition takes place at about a third of the normal nuclear
matter density which is close to the proposed freeze out density. In the vicinity of the phase transition the mass
yield is exponential. Due to quantum (shell) eects which enhance the yield of closed shell nuclei and due to
the limited range of masses a distinction between a power law and an exponential function is almost impossible.
Hence more complicated observables have to be employed to distinguish between the dierent possible reaction
mechanisms. Recently it has been conjectured by T~oke et al. [3] that one can distinguish between a statistical
process and a dynamical process by investigating several observables as a function of the fragment multiplicity.
In analyzing their data they made the following observations:
1. The average transverse kinetic energy of the intermediate mass fragments (IMF’s) is independent of the
number of fragments produced.
2. The average light charged particle (LCP) multiplicity as well as the total kinetic energy of the LCP’s is
independent of the number of observed fragments.
They considered this observation as contradictory to the assumption that the system is in equilibrium and
argue as follows: If one takes the average kinetic energy of the LCP’s as a measure of the temperature, the
temperature of the system is independent of the number of fragments observed. In this case the increase of the
particle number (sum of free nucleons and those entrained in fragments) has to be shared between the fragments
and the free nucleons if the system is in equilibrium. Due to 2) this is obviously not the case.
The salient assumption of their reasoning is that the subsystem they observe has the same thermal properties
as the whole system, i.e. that the system is susceptible to a canonical description and that fluctuations can be
neglected.
The rst purpose of this letter is to conrm the observations of ref. [3] for the case of a more complete
experiment and to compare these results with the predictions of a microcanonical statistical model calculation
[4]. This model is based on the assumption that the system, characterized by its (excitation) energy, its volume
and its particle number, disintegrates into all possible microcanonical decay channels with the same probability.
The second purpose is to discuss whether these observations allow to distinguish between dynamical models
and statistical models. Therefore we compare the results with those obtained by Quantum Molecular Dynamics
simulations [5] of the reaction. Finally, we discuss what we can learn about the reaction zone if only a part of it
is accessible to a comparison with statistical models as it is usually the case in heavy ion reactions due to both,
a limited acceptance and preequilibrium emission.
II. THE STATISTICAL MODEL
Statistical model calculations are based on the following reaction scenario:
1. formation of an excited nuclear system, an isotropic source
2. expansion of the system while the statistical equilibrium and a constant temperaturet is maintained
3. its instantaneous disintegration into fragments and nucleons when the freeze out density is reached. Each
microstate consisting of fragments and free nucleons is populated with the same probability.
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4. the de-excitation of the hot primary fragments.
For the present investigation we employ the Statistical Multifragmentation Model (SMM) which has been
developed by the Copenhagen group and has later been improved by Botvina [4]. A system in statistical
equilibrium is characterized by its energy, its particle number and its volume. The knowledge of these quantities
is sucient to calculate the available microstates and hence the observables. In practice one calculates for a
given energy under the constraints of total charge and mass conservation and for a given break-up volume
the statistical weights for the various break-up channels. After the partition has been determined, fragment
excitation energies and momenta are generated by a microcanonical treatment. The post-break-up evolution
of the system contains the motion of the fragments under the influence of the mutual Coulomb eld and the
de-excitation of hot fragments. These two processes correlate weakly and are treated independently.
Unfortunately the increase of the average transverse energy of the fragments as a function of their mass
observed in the experiment is larger than predicted in SMM [6]. Therefore one has to add to the kinetic energy
a collective mass dependent energy Ecoll = c A:
In this letter we study central collisions requiring that the total transverse energy of LCP’s is larger than
450 MeV for the experimental data as well as for the ltered simulations. The input parameters of SMM,
the number of nucleons, the excitation energy and the freeze-out density, are chosen to reproduce at best the
mass yield and the slope of the kinetic energy distribution of the fragments. This gives the following set of
parameters:
freeze out density: 1=30
source size: ZS=78 AS = 186
excitation energy: Ethermal=7 A.MeV E

coll=2.2 A.MeV
Our conclusions, however, do not depend on the exact parameters of the source. In particular the exact value
of the collective energy has no influence on our results.
The QMD model we employ is described in ref. [5]. A detailed comparison with the experimental data will
be published separately [9]. We would like to mention that the QMD calculations predict that at no moment
the system passes a state of thermal equilibrium [8].
In g. 1 we display on top the slope of the kinetic energy spectra of the fragments which have a form as
expected for a thermal system. This slope T is converted into an energy. On the bottom we show the charge
yield distribution. We display the results for QMD and SMM calculations in comparison with the INDRA data.
As one can see, these are well reproduced in both theories, underlining the observation that many observables
are not sensitive to the reaction mechanism. We would like to mention that (in between of the error bars)
identical results are obtained for an other centrality selction [6].
III. COMPARISON WITH DATA
Even central intermediate energy reactions have a binary character and consequently preequilibrium emission
spoils a possible thermal component. Therefore a meaningful comparison between statistical model calculations
and experimental data is only possible around CM = 90
o.
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We subdivide the full solid angle into two equal size 2 intervals:
bin I :60o  CM  120o
bin II :CM < 60
o; CM > 120
o .
In bin I we observe a flat angular distribution and a constant average energy [7], both being prerequisites for a
statistical equilibrium. In bin II, on the contrary, a preequilibrium component is superimposed to the thermal
component.
In gure 2 we plot dierent variables, observed in 60o  CM  120o, as a function of the IMF multiplicity
observed in this bin, following the suggestion of ref. [3].
Let us rst focus on the INDRA and QMD data. In the rst row we display the LCP multiplicity as a
function of the number of observed IMF’s. At higher energies, where the number of LCP’s is much larger, the
LCP multiplicity is usually considered as a measure for the centrality of the reaction (what is conrmed by
the QMD calculations). As can be seen from the panel, in our case the multiplicity of LCP’s is independent of
the IMF multiplicity but is quite low. Thus one may conjecture that the (central, Etrans  450 MeV ) events
with dierent IMF multiplicities in midrapidity have the same average impact parameter. Also the average
kinetic energy of LCP’s, displayed in the second row, is independent of the number of IMF’s. This supports
our conjecture.
The second row shows as well the average kinetic energy of the fragments which turns out to be as well
independent of the fragment multiplicity. Due to the articial long range of the attractive nuclear potential
[5] the Coulomb repulsion is suppressed in QMD and therefore the average fragment energy is too small. The
trend, however, is well reproduced.
The third row displays the sum of the kinetic energies of the IMF’s and LCP’s, respectively. We observe, as
expected, a constant value for the LCP’s and a linear increase for the IMF’s.
The fourth row displays the total kinetic energy in 2 divided by the sum of the number of LCP’s and
IMF’s. For an ideal gas this quantity would be proportional to the temperature. We see that the average value
decreases with increasing fragment number and the fluctuation are considerable (  < Etot > = < Etot >=q
E2tot − Etot
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= < Etot >= :2).
The last row, nally, shows the total number of nucleons (free or as part of the fragments) in the 2 interval.
Here as well we see huge fluctuations (the number of nucleons in the 2 interval varies by a factor of 3).
We can conclude from g.2 that we nd a qualitative agreement with ref. [3] and hence we arrive at the
same conclusions: The observation that the total kinetic energy of the fragments raises by almost a factor of
the 10 whereas the total and the average energy of the protons remains constant contradicts to the scenario
of a thermalized source characterized by its temperature, its chemical potential and its density. The observed
large fluctuations in the particle number and in the energy per particle have the consequence that the chemical
potential and the temperature deviate considerably in the two 2 subsystem. Hence from the point of view of a
canonical system the two subsystems are not in thermal equilibrium although they are in statistical equilibrium.
In addition for such a canonical system one expects that an increasing energy available for the IMF’s has as a
consequence a decreasing energy deposited in the LCP’s. As the total kinetic energy available for the IMF’s is
independent from the kinetic energy of the LCP’s, the system does not show properties which are prerequisite
for a system to be thermal.
These arguments, however, are based on the assumption that the system is susceptible to a canonical de-
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scription, i.e. can be characterized by the temperature, the chemical potential and the volume and hence in
thermal equilibrium in both subsystems the same temperature and the same chemical potential is observed.
Here, however, we are dealing with a rather small system where fluctuations may be important and therefore
the system has to be described by the microcanonical variables, the total energy, the total particle number and
the volume. Assuming that all possible decay congurations have the same probability, i.e. that the system
decays statistically, we may produce considerable fluctuations of the energy/nucleon or the number of nucleons
in the 2 subspace.
If this were true and if we nd agreement with experiment the ndings of ref. [3] would not exclude a statistical
disintegration of the system. However, the conclusion that the system is not susceptible to a canonical treatment
and hence the temperature is not a meaningful quantity to dene the properties of the system would remain
valid. Of course the temperature can be dened as the derivation of the energy with respect to the entropy but
it would be dierent in the two 2 subsystems which are in statistical equilibrium. The same is true for the
chemical potential.
To investigate these questions we performed calculations with the Statistical Multifragmentation Model which
assumes statistical equilibrium of the system at the freeze out. Thus, the total energy available for the system
is constant, independent from the partition and therefore independent from the IMF multiplicity. Analyzing
the subsystem 60o  CM  120o for ltered SMM events the result is quite surprising. The behavior of
the experimental data and QMD simulations, which seems to contradict to an equilibration of the system, is
reproduced by SMM data. This is, as discussed, only possible if strong fluctuations and (due to the conservation
of mass, charge and energy) correlations between the two subsystems are present. Their presence can already
be seen from the error bars which mark the standard deviation. How they show up in detail is shown in g.
3 where we display the results before ltering. Here we divided the system in the same two regions as dened
above, the midrapidity zone with 60o  CM  120o (referred to as the \2" space and the forward/backward
zone (CM < 60
o; CM > 120
o) referred to as the \other 2" space.
In the left column we represent the correlation of the IMF multiplicity in 2 with that in 4. If no correlations
were present we would expect for 4 a convolution of the distribution observed in 2. This is obviously not the
case. We do not observe in 4 on the average twice as many IMF’s as in 2. On the contrary, an increasing
number of IMF’s in one 2 bin is correlated with a decreasing number in the other bin. As a consequence of
this correlation it is impossible to infer the multiplicity distribution in 4 by a convolution of the multiplicity
distribution in a 2 subsystem as can be seen in the top right panel.
The LCP’s on the the right hand side of the bottom row are rather uncorrelated as long as the IMF multiplicity
is not too high which is due to the higher multiplicities for the light particles. One sees, however, a decrease for
an increasing IMF multiplicity as expected because the total number of nucleons is a xed quantity.
IV. A SIMPLE MODEL
In order to understand the fluctuations observed in the 2 bin in the statistical model calculation we calculate
in a very simple ideal gas model the expected fluctuations. We consider a system consisting of NF fragments and
NN nucleons. The energy of the system is constant and equals E. In a rst step we investigate the fluctuation
of the total energy of the fragments EF . Since the number of fragments is constant this corresponds to the
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fluctuation of the temperature of the fragments. We will see that these fluctuations are rather small.
In a second part we consider the whole system separated into two equal size subsystems. Each of the
subsystems has the same volume V/2 and the same number of fragments NF =2. Now we consider two cases:
 In the total (4) system the fragments have a xed total energy EF and we calculate the fluctuation of
the fragment temperature in a 2 subsystem.
 The fragments of the one 2 subsystem are the heat bath for the fragments in the "other 2" subsystem
and we calculate the energy fluctuations.
In the rst case the probability to have a total fragment energy EF the 4 system is proportional to the
available number of microstates for this division of the energy:
P (EF ; ;NF ) =
eS(EF ;;NF )=k+S(E−EF ;;NN )=k
eS(E;;NF+NN )=k
(1)
Assuming that we can use the ideal gaz entropy












we nd that the probability to nd an energy fraction of EF =E for the total energy of the fragments is given by
P (x = EF =E;NF ; NN ) =





Γ(2 + 3N2 )
Γ(1 + 3NF4 )Γ(1 +
3NN
4 )
(1− x)3NF =2x3NN=2 (4)





which equals the standard







6(N −NF ) + 4
(3N + 6)(3N + 4)
: (5)
For realistic values of NN = 50 and NF = 12 we nd
EF
EF
= 0:05. Hence we observe almost an energy
conservation for the fragments and the nucleons separately.
Now let us assume that we have in each 2 subsystem NF =2 fragments. The probability to have the energy














Taking NF = 6 as we nd
TF1
TF1
= 0:15. With the fluctuation of EF itself we have a total standard deviation
of 0.17.
Let us now discuss the second assumption. If the fragments of the "other" 2 system are considered as a heat














which gives as standard deviation of 23% for NF = 12 and of almost 47% if we take NF = 6. Hence we expect,
independent of how we consider the system a standard deviation on the level of 20 - 50 %. This is about the
value one observes in our simulations.
As a conclusion we have seen, that a statistical model calculations predicts strong fluctuations and correlations
between two equal size subsystems. This means that the system is too small to be treated as a canonical
system. It also means that the reasoning on the basis of a canonical system of ref. [3] is not conclusive and
that the experimental observations can indeed be reconciled with the assumption that the system disintegrates
statistically. As shown in ref. [8] in QMD calculations the reaction does not created an equilibrated system.
The fact that QMD calculations predict for the observables investigated here the same as SMM and is as well in
agreement with the data manifests another time that it is dicult to distinguish between the dierent reaction
scenarios.
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FIG. 1. Fitted slopes and the charge distribution for QMD, INDRA and SMM data in 60o  CM  120
o for 50
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FIG. 2. As a function of the IMF multiplicity observed in 60o  CM  120
o we display for central events 50 A.MeV
Xe + Sn several observables in 60o  CM  120
o. We display the LCP multiplicity (top row), the average kinetic energy
of IMF’s and LCP’s (second row), the total energy of IMF’s and LCP’s (third row), the average kinetic energy of all




























































FIG. 3. IMF distributions: Correlation between the fragment multiplicity in 2 and 4 (top left) and the mean value
of IMF’s and LCP’s in the "other 2" and in 4 (bottom left and right) as a function of the fragment multiplicity. Top
right we display the actual IMF multiplicity distribution as compared with a convolution of the distribution observed in
the 2 subsystem.
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